MATERIAL AND METHODS

Assignment of imino protons
2D-
1 H jump return NOESY experiments were conducted on samples in low salt buffer (30 mM KCl, 15 mM KxHyPO4 (pH 6.3)) at 278 K with a mixing time of τm = 150 ms. Hard pulses were applied at 8.5 ppm before mixing and at the water frequency (4.7 ppm) after mixing. For the DNA duplex, 576 points in 1 and 2048 points in 2 were recorded. Spectral widths were set to 12.6 ppm in 1 and 23 ppm in 2. For the RNA duplex, 1024 points in 1 and 4096 points in 2 were recorded. Spectral widths were set to 15 ppm in 1 and 21 ppm in 2.
Determination of H-D exchange rates
H-D exchange rates of the DNA duplex at 274 K were measured by real-time NMR spectroscopy using a mixing device originally developed by Hore et al. (1) . 40 L 5 mM DNA in 425 mM KCl, pH 6.3 in H2O were injected into 300 L D2O. Conditions of the DNA solution were chosen to result in 50 mM KCl, pH 6.3 after injection. Data were acquired in a pseudo-2D experiment using a jump return sequence for water suppression. 8 spectra were recorded before and 832 spectra after mixing with 2.49 s per 1D spectrum.
Data were normalized to 1. The normalized signal intensity I(t) was plotted against time t, curves were fitted according to the equation:
I ∞ is the equilibrium signal intensity, which corresponds to the relative H2O/D2O ratio in the sample.
A is the amplitude of the reaction, kHD is the rate of the H-D exchange reaction.
Inversion recovery experiments and imino proton exchange rate analysis
Inversion recovery experiments were performed as previously described (2) but using a 1D pulse sequence with an inversion recovery element and soft watergate pulses or hard watergate pulse train for water suppression. The experiment was recorded as a pseudo-2D for various temperatures from 278 K to 303 K for the DNA and from 278 K to 313 K for the RNA at high salt conditions, respectively.
Exchange rates of samples in low salt buffer were recorded over a temperature range from 276 K to 300 K (DNA) and from 276 K to 306 K (RNA). At each temperature, 19 (high salt conditions) or 23 (low salt conditions) different m increments ranging from 10 ms to 6s were recorded. The recycling delay was set to 6 s. 8 to 128 scans were used, 16k points were recorded.
Pseudo-2D inversion recovery spectra were analyzed using the software package TopSpin 2.1. Imino proton exchange rate analysis was performed as described previously (2) (3) (4) . Normalized imino signal intensities were plotted against τm. Exchange rates kex were obtained from fitting according to the In(t) and In(0) are the signal intensities of the imino proton signal at τm = t and τm = 0 ms, respectively.
Iw(0) and <In(0)> are the intensities of the water and the imino signal, respectively, normalized to the number of protons of this species in the sample. R1n and R1w are the longitudinal relaxation rates of the imino proton and water, respectively. Iw(0)/<In(0)> = -1 is valid assuming that water is inverted selectively and that inversion of water protons is fast compared to R1n.
Concentration dependence of imino proton exchange
Concentration dependence of imino proton exchange rates was determined at 288 K on a sample of the RNA duplex in low salt buffer (30 mM KCl, 15 mM KxHyPO4 (pH 6.3)). Duplex concentrations in the range from 1.2 mM to 100 M were obtained by diluting a sample of the RNA duplex.
Free energy of basepair opening as determined from the dependence of kex on the catalyst concentration Free energy of the dissociation reaction Gdiss was calculated with the following equation (S4):
R is the universal gas constant. 
R2 is the spin-spin relaxation rate constant of the imino resonance, R2(B0) corresponds to line broadening caused by B0 field inhomogeneities. The contribution of R2 relaxation and R2(B0) were assumed to be negligible in comparison to the contribution of kex,dNTP/NTP to the imino line width. To account for the difference of diffusion coefficients of the DNA duplex (RNA duplex) and mononucleoside triphosphate, the obtained exchange rates kex,dNTP/NTP were diffusion corrected as previously described (5) according to the equation: 
where R, h and kB are the universal gas, Planck and Boltzmann constant, respectively.
Transferring transition state exchange rates determined on mononucleoside triphosphates to basepaired imino protons, differences in accessibility and the electrostatic potential between the nucleoside and the duplex need to be considered. Therefore, a correction factor  is introduced, which accounts for these differences (3) . For the fit of imino proton exchange rates according to equation (1) in the main manuscript,  was assumed to be unity. 
Determination of protium-deuterium fractionation factors
      ln RT G DH (S9)
Derivation of GDH
The fractionation factor  of the imino position is the equilibrium constant of the protium/deuterium exchange reaction. can be expressed by the concentration ratio of the species involved in the reaction:
[ 
We assume that the quotients from proton to deuterium concentration 
Hence, the difference in free energies GDH of the H to D exchange reaction of the open and closed conformation of the basepair disregarding free energy changes, which are associated with the basepair opening process (i.e., stacking, changes in the hydration shell), can be expressed as
CD spectroscopy
All CD spectra were recorded with a JASCO spectropolarimeter J-810. Buffer conditions were 30 mM KCl, 15 mM KxHyPO4 (pH 6.3).
For the wavelength scans, acquisition parameters were set to: spectral width 300 nm to 200 nm, scanning speed 50 nm/min, band width 1 nm, temperature 10°C, 50°C and 90°C. DNA and RNA concentrations were adjusted to 50 M and 100 M, respectively.
Concentration-dependent DNA and RNA CD melting curves were recorded on a JASCO spectropolarimeter J-810 with a temperature slope of 1°C/min between 2°C and 90°C at a wavelength of 248.0 nm (DNA) and 257.0 nm (RNA), respectively. CD-refolding curves were recorded with a temperature slope of -1°C/min starting from 90°C to 2°C. CD melting curves were recorded for duplex concentrations ranging from 7.5 M to 250 M. CD melting curves were corrected with the temperature dependence of the CD effect of duplex and single strands and normalized. The amount of double strand was plotted against the temperature T and fitted according to the sigmoidal equation:
The parameters y0, a, x0 and b were allowed to adjust freely. The melting temperature Tm was calculated with the obtained fit parameters y0, a, x0 and b considering its definition as the temperature at which  = 0.5.
Enthalpy and entropy of duplex unfolding Hun and Sun were obtained by linear regression according to equation (S18) which takes into account the van 't Hoff relation (7):
where Tm is the melting temperature and cduplex the total duplex concentration. 
Calculation of maximum single strand concentration
RESULTS
NMR assignment
The imino hydrogen resonances of the DNA and the RNA duplex in low salt buffer (30 mM KCl, 15 mM KxHyPO4 (pH 6.3)) were assigned using 1 H, 1 H NOESY spectra. In the DNA spectrum ( Figure   S1 A) all imino proton resonances can be connected via a sequential crosspeak walk. The spectrum of the RNA duplex (Figure S1 B) exhibits two sets of imino signals that can be connected via crosspeaks.
The assignment of imino hydrogen resonances in high salt buffer was achieved by stepwise titration from low salt to high salt conditions. The imino proton chemical shifts of the DNA duplex and the RNA duplex in low and high salt buffer are given in Table S1 . 
Comparison of imino proton exchange rates as measured by real-time NMR spectroscopy and inversion recovery experiments
Imino proton exchange rates of the DNA duplex were measured by real-time NMR spectroscopy at 274 K. A protonated sample of the DNA was injected into D2O inside the NMR spectrometer. H-D exchange rates kHD were determined according to equation (S1) (see Figure S3 ), results are listed in Table S2 . At 274 K, the inner AT basepairs of the DNA exhibit exchange rates from 76·10 -3 Hz to 77·10 -3 Hz, the exchange rate of the inner GC basepair is 4.7·10 -3 Hz.
Exchange rates kex of the same sample as determined with an inversion recovery experiment range from 0.36 Hz to 1.30 Hz (see Table S2 ). The results of the two methods are compared in Figure S4 .
Apparently, exchange rates determined from inversion recovery experiments exhibit significantly higher values.
This difference is due to cross-correlated relaxation effects during the mixing time in the inversion recovery experiment. This effect is absent using the mixing technique. Exchange rates measured with the inversion recovery method at low temperatures are dominated by the cross polarization effect. Using the temperature dependent approach to determine thermodynamic parameters of basepair opening the effect is considered by the term d in equation (1) in the main manuscript. 
Concentration independence of imino proton exchange rates of nucleobases in the RNA duplex
Imino proton exchange rates kex of the RNA in 30 mM KCl, 15 mM KxHyPO4 (pH 6.3) at 288 K were determined for duplex concentrations from 100 M to 1.2 mM. Exchange rates of the individual RNA nucleobases as function of concentration are shown in Figure S5 . Apparently, exchange rates of the individual basepairs are concentration-independent as expected for uncorrelated basepair opening.
Figure S5:
Imino proton exchange constants kex of the RNA duplex at concentrations ranging from 100 M to 1.2 mM, T = 288K.
Temperature dependence of mononucleotide exchange rates
Exchange rates of mononucleoside triphosphates were deduced from imino signal linewidths. The HPO4 2-catalyzed exchange rate at each temperature was deduced from the difference in exchange rates of two samples containing 1 mM and 2.5 mM KxHyPO4 (pH 6.8), respectively, and extrapolated to higher catalyst concentration.
Temperature dependence of imino proton exchange rates of dGTP, dTTP, GTP and UTP was Figure S6 , HTR,ext and STR,ext are summarized in Table S3 .
Using the obtained data for the fit of imino proton exchange rates according to equation (1) in the main manuscript, the factor , which considers steric and electrostatic differences of mononucleoside and duplex, was assumed to be unity. In other words, we consider differences in accessibility and electrostatic potential to be negligible. 
Exchange rates of the transition state of intrinsic catalysis
Thermodynamic parameters of the transition state of intrinsic catalysis HTR,int and S TR,int of basepairs in the DNA duplex and the RNA duplex were obtained from Eyring analysis according to equation (5) in the main manuscript, fit curves are shown in Figure S7 and Figure S8 , respectively. The rate of the transition state of external catalysis kTR,P was estimated from mononucleoside triphosphates (s.a.). The ratio of external and intrinsic catalysis q and its temperature dependence were derived from the temperature dependence of imino proton exchange rates kex measured on samples of the DNA and the RNA at high salt conditions with low (5 mM) and high (100 mM) phosphate concentration, respectively.
Rates of the transition state kTR,int are calculated with the Eyring equation [equation (S19)]:
kB, h and R are Boltzmann, Planck and universal gas constant, respectively. In Figure S7 and Figure   S8 , the Eyring plots for the DNA duplex and the RNA duplex are given, respectively. Results are listed in Table S4 (DNA) and Table S5 (RNA).
Rates of intrinsic catalysis depend on the sequence context and are higher for DNA than for RNA.
The intrinsic catalysis rates are decreased at the ends of the helix, both in DNA and RNA. Thus, efficiency of intrinsic catalysis is roughly correlated with basepair stability. Correlation of free energy of basepair opening and ln(kTR,int) exhibit correlation coefficients of 0.85 for both, the DNA and the RNA. However, the fact that the mechanism is rather inefficient at the helical ends in comparison to the central basepairs might also be explained by some kind of geometrical restrictions promoting the efficiency of the mechanism. 
Thermodynamic parameters of individual basepair opening
Thermodynamic parameters of individual basepair opening in the DNA and the RNA duplexes (for sequences see main article, Fig.2 A) were extracted from temperature dependence of the imino proton exchange rates kex according to equation (1) (main article).
Exchange rates at external catalysis conditions were obtained from the difference of exchange rates at high salt conditions in buffer with high catalyst concentration (120 mM KCl, 100 mM KxHyPO4 (pH 6.8)) and low catalyst concentration (245 mM KCl, 5 mM KxHyPO4 (pH 6.8)). The calculated exchange rate is entirely externally catalyzed and free of cross polarization artifacts, the difference in kex is caused by 95 mM KxHyPO4 (pH 6.8) which correspond to 27 mM catalyst. For the fit according to equation (1) (main article), the term d was set to zero and transition rates were extrapolated to the catalyst concentration of the DNA and RNA samples using the experimentally determined values for phosphate catalysis (Table S3) . Table S6 and Table S8 summarize the parameters Hdiss, Sdiss and Gdiss of the DNA duplex and the RNA duplex at high salt conditions deduced from externally catalyzed exchange rates.
Parameters at high salt conditions as deduced from exchange rates in low catalyst concentration (245 mM KCl, 5 mM KxHyPO4 (pH 6.8)) are listed in Table S7 (DNA) and Table S9 (RNA). Values were derived according to equation (1) (main article) on the basis of experimentally determined exchange rates at conditions of intrinsic catalysis (Table S4 for DNA and Table S5 for RNA), the term d was allowed to adjust freely.
Hdiss, Sdiss and Gdiss of the DNA duplex and the RNA duplex in low salt buffer (30 mM KCl, 15 mM KxHyPO4 (pH 6.3)) buffer are listed in Table S10 and Table S11 , respectively. Values were derived according to equation (1) (main article) on the basis of experimentally determined exchange rates at conditions of intrinsic catalysis (Table S4 for DNA and Table S5 for RNA) making the assumption that intrinsic catalysis is independent of the cation concentration. The term d was allowed to adjust freely. Figure S9 compares exemplarily thermodynamic parameters of RNA basepair dissociation at high salt conditions derived from exchange rates at conditions, at which intrinsic and external catalysis dominate, respectively. The results are in agreement showing that the ratio of external and intrinsic catalysis q was determined correctly. Thus, using experimentally determined HTR,int and STR,int values to determine basepair stabilities at very low catalyst concentrations is a viable approach which is especially advantageous at conditions of low basepair stability and/or high temperature. In such case imino signals may not be observable any more using buffer conditions at which external catalysis dominates.
Figure S9:
(A) Hdiss and T Sdiss of RNA basepair opening at high salt conditions as determined from exchange rates in high salt buffer at conditions, at which intrinsic catalysis (blue) and external catalysis (red) dominate, respectively. Exact values and errors are given in Table S8 and Table S9 . (B) Same representation as in A for free energies of basepair openingGdiss. Exact values and errors are given in Table S8 and Table S9 . Table S6: Hdiss, Sdiss, T Sdiss (T = 293 K) and Gdiss (T = 293 K) for the basepair opening of individual nucleobases within the DNA duplex under externally catalyzed conditions (i.e. the difference of exchange rates at high salt conditions with high (100 mM) and low (5 mM) catalyst concentration). Data were fitted according to equation (1) in the main mauscript. Hdiss, Sdiss, T Sdiss (T = 293 K) and Gdiss (T = 293 K) represent the experimental errors, respectively. Table S7: Hdiss, Sdiss, T Sdiss (T = 293 K) and Gdiss (T = 293 K) for the basepair opening of individual nucleobases within the DNA duplex in high salt buffer under intrinsic catalysis conditions (i.e. 245 mM KCl, 5 mM KxHyPO4 (pH 6.8)). Data were fitted according to equation (1) in the main mauscript. Hdiss, Sdiss, T Sdiss (T = 293 K) and Gdiss (T = 293 K) represent the experimental errors, respectively. Hdiss, Sdiss, T Sdiss (T = 293 K) and Gdiss (T = 293 K) represent the experimental errors, respectively. Figure S10 A and C, fit results are listed in Table S12 and Table S13 , the factor  was assumed to be unity for the calculation of Gdiss values. A comparison of Gdiss values at 293 K and 303 K obtained from the catalyst dependence of kex and from its temperature dependence in high salt buffer is shown in Figure S10 , B and D,
respectively. The free energies determined with both methods are within the error. However, at 293 K, results for the T6 basepair differ significantly. These finding might originate from the remarkably efficient intrinsic catalysis mechanism of the basepair which is indicated by the high value (2,88 Hz) of the ordinate intercept of the linear regression. At 293 K, the measured exchange rate is dominated by exchange due to intrinsic catalysis and by NOE contributions, whereas the contribution of externally catalyzed exchange is only minor. However, at 303 K, Gdiss values of the T6 basepair determined with the catalyst-dependent and the temperature-dependent approach are in very good agreement.
Apparently, the discrepancy is restricted to low temperatures at which the effect of external catalysis is too small to be measured with high accuracy.
Gdiss values of the remaining basepairs are in accordance. Hence, we conclude that taking the effect of intrinsic catalysis and dipolar cross-polarization into account, the temperature-dependent fit gives the same results as the titration experiment at a single temperature if the cation concentration is kept constant. 
Thermodynamic parameters of global unfolding of the DNA and RNA duplexes
Global duplex unfolding in low salt buffer was measured by CD spectroscopy. Concentrationdependent melting temperatures are listed in Table S15 .
Thermodynamic parameters Hun and Sun were deduced from concentration dependence of the melting temperature Tm according to equation (S18). Linear fitting results are listed in Table 1 in the Results section, Global unfolding of the DNA and the RNA duplexes of the main article. Table 1 in the main manuscript.
Fractionation factors of the RNA duplex and comparison to Gdiss values
Fractionation factors  of the RNA duplex have been determined at 278 K. values range from 0.63 to 1.08 (see Figure S12 A, exact values are given in Table 2 
